Abstract
Introduction
Bus rapid transit (BRT) combines the efficiency and reliability of a rail service with the operating flexibility and lower cost of a conventional bus service. It has been implemented throughout Latin America, North America, Europe, Southeast Asia, Australia, China, and now, increasingly, in Africa and India (Deng and Nelson 2011) .
In China, BRT has expanded faster than in any other regions over the last five years, with 320 km of BRT systems in 13 cities (Fjellstrom 2010) . Service reliability of a transit system has significant impacts on its providers as well as existing and potential users (Cham 2006) . The objective of this paper is to analyze service reliability of BRT taking Changzhou BRT as an example. Specifically, issues including the amount of time passengers need to wait, on average, and the amount of extra time passengers need to budget beyond typical wait time and journey time, on average. Temporal and spatial distributions of measures and comparisons between measures are examined. Potential wait time, which is proposed to measure service reliability but has not been applied yet, is put into practice in this paper. Some suggestions for improving service reliability of Changzhou BRT are brought forward. The framework for analyzing service reliability of Changzhou BRT includes measures and analysis dimensions that can be applied to other BRT systems.
Literature Review
Service reliability is defined as "the invariability of service attributes which influence the decision of travelers and transportation providers" (Abkowitz et al. 1978) . The ability of transport operators to understand and improve reliability relies on their ability to measure it (Uniman 2009 ). Service reliability can be measured from multi-perspectives based on multi-levels.
Measures from operators' perspectives mainly include on-time performance (OTP) and headway regularity (Cham 2006 , Kittelson & Associates, Inc. et al. 2003 . OTP is the fraction of services with schedule deviation within some thresholds (Ryus 2003) . Headway regularity is defined in terms of the fraction of observed headways that are within some absolute or relative deviation from the scheduled headway (Cramer 2008) . consider it a coefficient of variation of headway, which is the standard deviation of headway divided by the mean.
Measures from the passenger perspective include waiting time-related measures such as excess waiting time, potential waiting time, and equivalent waiting time. They also contain journey time-related measures such as excess journey time, reliability buffer time, and excess reliability buffer time.
Excess waiting time represents the extra amount of time a passenger waits, on average, beyond the scheduled waiting time . To have a high probability of arrival at their destinations on time, passengers must plan on waiting longer than the mean waiting time. The 95th percentile waiting time is often interpreted as budgeted waiting time, guaranteeing arrival at their destinations on time at least 95 percent of trips . The difference between budgeted and mean waiting time is called potential waiting time, which is spent at the destination of the trip . Equivalent waiting time is a weighted sum of mean and potential waiting time that expresses passenger waiting cost in equivalent minutes of waiting time spent at stops ).
Journey time includes access, egress, and interchange time; ticket purchase time; platform wait time; on-train time; and closures. Each component has a scheduled value, which represents the amount of time a passenger should normally expect to take to complete this stage. The difference between the measured and scheduled times is an indication of service performance, expressed as excess journey time (Chan 2007) . Journey time reliability also can be generally defined by quantifying the spread of journey time distribution. The measure quantifying the spread of journey time is known as the reliability buffer time. Reliability buffer time represents the extra time passengers need to budget beyond the typical journey time to ensure 95% probability of arriving at their destination on time. Uniman (2009) developed a new measure called excess reliability buffer time by proposing a methodology classifying performance into incident-related and recurrent conditions, which attempted to explain the causes of unreliability by isolating the effects of incidents.
BRT is defined as "a flexible, rubber-tired form of rapid transit that combines stations, vehicles, services, running ways, and ITS elements into an integrated system with a strong image and identity" (Levinson et al. 2003) . Current studies in China mainly focus on the physical design and planning of BRT (Xu 2007; Mo 2007) . In addition to passenger-carrying capacity, the integration of BRT with other modes and its implementation effectiveness were also studied. Current literature outside China pays more attention to the impacts of BRT on land development and land values (Perk et al. 2010 ). There is a growing body of evidence suggesting that BRT systems have a positive impact on land value uplift (Deng and Nelson 2011) . Capability to lead bus-based transit-oriented development (TOD), impacts on travel behavior, environment, fuel consumption, construction, operation cost, and ridership were also studied.
Methodology

BRT in Changzhou, China
Vehicles of Changzhou's BRT are equipped with a Global Positioning System (GPS), and large-scale, archived Automated Vehicle Location (AVL) data provide the opportunity for studying service reliability. This study employed one trunk route of Changzhou's BRT, called B1, as a specific study case. Archived AVL data of Route B1, consisting of nearly 700,000 records from August 17-23, 2009, were used. Route B1 is one of the busiest bus routes in Changzhou. Its length is 24.5km, there are 26 stops with an average space of 980m. Headway is 2-5 minutes during peak hours and 6-10 minutes during off-peak hours. Route B1 runs north and south and traverses downtown Changzhou, and its middle six stops are located in the downtown. Six origin-destination (OD) pairs were selected to study service reliability based on OD pair level. OD pair1 (length 5,880m) connects south and downtown, OD pair2 (6,860m) connects north and downtown, and OD pair3 (3,920m), pair4 (3,920m), pair5 (3,920m), and pair6 (4,900m) cover the entire route by connecting them together. Only OD pair5 covers downtown. Figure 1 illustrates Route B1 and the selected OD pairs. 
Measures Selection and Calculation
On-time performance, excess waiting time, excess journey time, headway regularity, potential waiting time (PWT), equivalent waiting time (EWT), and reliability buffer time (RBT) frequently are used for evaluating transit service reliability. On-time performance, excess waiting time, and excess journey time are related to schedule and are suitable for low-frequency services; the other four measures are suitable for high-frequency services. Most BRT systems are high-frequency services; therefore, headway regularity, PWT, EWT, and RBT were selected to measure service reliability of BRT. Headway regularity captures service reliability from the operator perspective based on stop level and is regarded as a coefficient of variation of headway in this paper. The higher the coefficient of variation of headway is, the more irregular the headway is. Headway regularity is called headway irregularity in this paper. PWT and EWT capture service reliability from the passenger perspective based on stop level. RBT captures service reliability from the passenger perspective based on OD pair level. To better understand each measure selected, the definitions, implications, and calculation methods are presented in Table 1 . 
Measures
Definitions and Implications Calculation Methods
Headway irregularity
Regarded as coefficient of variation of headway ; called headway regularity in previous studies-the higher it is, the more irregular the headway is.
Standard deviation of headway divided by its mean Potential waiting time (PWT) Difference between 95th percentile waiting time and mean waiting time; extra time that passengers need to budget beyond mean waiting time for bus waiting to ensure on-time arrival at destination with 95% probability . 0.5 × mean headway × (1+ ) (Osuna and Newell 1972) The 95th percentile waiting time, 95th percentile journey time, and median journey time are needed when calculating PWT and RBT. They can be obtained by interpolation from waiting time distribution and journey time distribution. Waiting time distribution can be estimated based on a set of observed headways according to Equation (1) :
Where, W = waiting time H i = ith observed headway; headways numbered in decreasing order F w (H i ) = waiting time distribution, i.e., probability of W less than or equal to
Journey time for an OD pair is considered the sum of waiting time at the origin stop and the in-vehicle travel time between the origin and destination stops in this paper. Journey time distribution can be estimated based on headways at the origin stop and the in-vehicle travel times of successive trips according to Equation (2) (Ehrlich 2010): 
Analysis Dimensions
Issues including the amount of time passengers need to wait, the amount of time passengers need to budget beyond typical waiting time and journey time, their variations over time and space, and the relationships between measures can provide comprehensive understanding for service reliability. Therefore, analysis dimensions include value ranges of measures, temporal and spatial distributions of measures, and comparisons between measures. Temporal distribution can be carried on by time period within one day (analyzed here), a weekday and weekend, and a month. Spatial distribution can be carried on by direction, section (analyzed here), and area. The lower the headway irregularity, PWT, EWT, and RBT are, the more reliable the service is.
Results
Value Ranges of Measures
Mean headway, headway irregularity, mean waiting time, PWT, and EWT for each stop and RBT for each OD pair were calculated by taking the average number of each hour (06:00 to 21:00), day (August 17-23), and direction (Northbound and Southbound). To explain how the calculations were made, RBT's calculation process of an OD pair is provided below. First, the journey time distribution in each hour was calculated. AVL data were used for the Changzhou BRT for one week and in two directions, so 224 journey time distributions were obtained for each OD pair. Table 2 shows an example of a calculation of journey time distribution. The 95th percentile journey time and median journey time in each hour were gained from the journey time distribution by interpolation, and the RBT in each hour was obtained accordingly. Finally, the RBT of an OD pair was obtained by taking the average number of the 224 values of RBT. Mean headway was between 3.12-3.96 minutes, which means 15-20 buses are dispatched per hour. Headway irregularity was between 0.34-0.79. Its span is relatively large, which means headway is irregular from the entire route perspective. Passengers, on average, need to wait 2.17-2.82 minutes and need to budget an extra 3.29-4.54 minutes, on average, for bus waiting to guarantee arrival at their destinations on time with 95% probability. The extra 3.29-4.54 minutes is spent at destinations. This was transformed into the time spent at stops with a weight of 0.5. Along with mean waiting time, it was found that passengers need to wait an equivalent of 3.81-5.09 minutes at stops. RBT is between 3-5 minutes, which means passengers need to budget extra 3-5 minutes beyond their typical journey time to ensure 95% probability of arrival at their destinations on time. Service Reliability by Time Periods Figure 2 shows variations of mean headway, headway irregularity, mean waiting time, PWT, EWT, median journey time, and RBT for the Early, AM Peak, Inter-peak, PM Peak, and Evening periods for the Northbound and Southbound directions.
Mean headway is the lowest during AM and PM peaks and highest during the Early period. To be specific, buses are dispatched every 3 minutes during the AM and PM peaks, every 3.7 minutes during Inter-peak, every 4 minutes during Evening, and every 6 minutes during the Early period. Mean headway in the Northbound direction during Evening is higher, at 4.38 minutes.
Mean headway and headway irregularity are highest during the AM and PM peaks, especially during the AM Peak, at above 0.7; they are lowest during the Early period. This means that headways during the AM and PM peaks are less regular than other time periods. This likely is the result of more buses being dispatched during the AM and PM peaks, and traffic conditions during the AM and PM peaks being worse than other time periods.
Mean waiting time is the highest during the Early period, at 3.55 minutes Northbound and 4.05 minutes Southbound. Mean waiting time is also high during the Evening Northbound, close to 3 minutes. This can be attributed to lower service frequencies during these two periods. Mean waiting times during the AM and PM peaks and Inter-peak are below 2.5 minutes. Waiting time in Inter-peak is slightly higher than it is in AM and PM peaks.
Like mean waiting time, PWT and EWT are the highest during the Early and Evening periods Northbound. Relatively low service frequencies during these two periods push passengers to budget more extra time for bus waiting to ensure arrival at their Figure 2 . Service reliability by time periods destination on time. Higher PWT together with higher mean waiting time during these two periods translates into higher EWT. In other words, equivalent waiting time spent at stops is the highest during the Northbound Early and Evening periods. PWT is slightly higher during AM Peak. This is reasonable because the primary passengers of BRT are office workers and students whose travel purposes during AM Peak are work or study and who want to arrive at their work/study place on time and are willing to budget more time.
The variation of median journey time is small across all time periods. The difference between its maximum, appearing in AM Peak Northbound, and its minimum, appearing in Evening Southbound, is less than 2minutes. Like PWT, RBT is the highest during the Early period, close to 7 minutes Southbound. RBT is also slightly higher during AM Peak, for the same reason as PWT.
In conclusion, service frequency during the Early period is the lowest, which, to a certain extent, results in the highest mean waiting time, PWT, EWT, and RBT during this period. However, headway during the Early period is more regular than any other periods. For the AM and PM peaks, service frequencies are the highest and headway regularity is the worst. Although mean waiting time is the lowest, the difference is negligible compared to other time periods except the Early period. For AM Peak, PWT and RBT are slightly higher than other periods, except for the Early and Evening periods Northbound. From the perspective of operators, i.e., based on headway irregularity, service reliability is the worst during AM and PM peaks. However, from the perspective of passengers based on PWT and RBT, service reliability is the worst during Early period followed by the AM Peak. Relatively worse service reliability during the AM Peak is mainly related to passengers' subjective inclination to budget more time for work or study.
Service Reliability by Directions
As mentioned above, Route B1 traverses through Changzhou's downtown. Directions are classified into To Downtown (going to downtown from both sides of the route) and From Downtown (leaving downtown from both sides). To analyze mean headway, headway irregularity, mean waiting time, PWT, and EWT by direction, stops in the Downtown were excluded. To analyze median journey time and RBT by direction, OD pair1, OD pair2, OD pair4, and OD pair6 in Figure 1 were selected. Figure 3 shows service reliability by To Downtown and From Downtown. The abscissas of the first five figures in Figure 3 represent stop order regarding the first stop in Northbound as 1.
Figure 3. Service reliability by direction
The common characteristic of headway irregularity, mean waiting time, PWT, EWT, median journey time, and RBT is that they are lower To Downtown than they are From Downtown. Mean headway is lower To Downtown only during the AM Peak. During the AM Peak, higher service frequency To Downtown should be one of the reasons that other measures in this direction are lower. Passengers who travel To Downtown during the AM and PM peaks experience lower mean waiting time, PWT, and EWT, and they also experience lower median journey time and RBT the whole day. Headway is also more regular To Downtown. As a result, service reliability is better To Downtown than it is From Downtown both from the operator and passenger perspectives.
Service Reliability by Sections
To analyze mean headway, headway irregularity, mean waiting time, PWT, and EWT by section, Route B1 was separated into six sections for Northbound and Southbound, shown as Figure 4 . Each section includes 3-5 stops. Sections are named Section1 to Section6, with the section closest to the route's origin terminal designated as Section1. Figure 5 shows mean headway, headway irregularity, mean waiting time, PWT, and EWT for Section1-Section6 for the Northbound and Southbound directions.
Headway irregularity, mean waiting time, PWT, and EWT in Section1 are the lowest and gradually increase from this section until they reach the maximum in Section4 and Section5, then begin to decline from Section5. In other words, these measures are lowest at the stops closest to the route's origin terminal, gradually increase as the distance from the route's origin terminal increases, and reaches the maximum at the stops whose distances to the origin terminal account for 80-90 percent of the entire route length. Changzhou BRT sets a schedule for two terminals only, and there is no schedule control for each stop. Buses depart the route's origin terminal according to the schedule, so headway is regular near it. Bus operation is influenced by the external environment, and together with no schedule control en-route, it is difficult to guarantee regular headway en-route near the terminal; the influence gradually cumulates as the distance to the route's origin terminal increases, which translates into increasing headway irregularity, mean waiting time, PWT, and EWT en-route. Drivers want to comply with the schedule when approaching the route's end, so the headway becomes regular again, which results in decreasing headway irregularity, mean waiting time, PWT, and EWT. Mean headway does not show the same variation trend as the other four measures; it is almost the same from Section1 to Section6, especially Northbound. From a temporal perspective, mean headway shows a difference from the Early to the Evening periods, as shown in Figure 2 , which means mean headway is sensitive to time rather than space. Figure 4 are the most congested sections. Service reliability should be the worst in these sections. Correspondingly, headway irregularity, mean waiting time, PWT, and EWT should be the highest. For Southbound, these four measures in Section3 are not the highest; however, they are the highest in Section4 and Section5. Therefore, it is possible that the effect of distance to the route's origin terminal on service reliability is stronger than the effect of the congestion level of areas where stops are located. Buses reaching Section4 and Section5 have traversed through the most congested section Southbound, and congestion may be propagated down, so this conclusion needs to be confirmed in future studies.
To analyze RBT by sections, OD pair3-OD pair6 in Figure 1 were selected. They are named Section1 to Section4; the first OD pair closest to the route's origin terminal is Section1 for Northbound and Southbound, as shown as Figure 6 . RBT from Section1-Section4 for Northbound and Southbound are shown in Figure 5 . RBT in Section1 is the lowest, reaches the highest in Section3, then begins to decline. In other words, RBT for OD pairs near the route's origin terminal is the lowest, gradually increases as the distance to the route's origin terminal increases, and becomes lower for OD pairs near the route's end, which also can be attributed to no schedule control for each stop.
Taking the variation trends of headway irregularity, mean waiting time, PWT, EWT, and RBT by sections into consideration, it appears that service reliability from both the operator and passenger perspectives is the best near the route's origin terminal, gradually deteriorates along the route, then improves when approaching the route's end.
Comparison between Measures
The ratio of PWT to mean waiting time is 1.5 to 1.71. In other words, passengers, on average, need to budget an extra 1.6 times mean waiting time to guarantee ontime arrival at their destinations with 95% probability. Passengers have experienced unreliable conventional bus service in China. When they use BRT, they budget a lot of extra time, which is longer than the actual waiting time. Changzhou BRT had operated only for 20 months as of August 2009. This phenomenon may change with the popularization of BRT.
The ratio of PWT at its origin to RBT for each OD pair is between 0.8 and 1.0. PWT accounts for more than 80 percent of RBT and indicates that passengers budget extra time beyond typical their journey time for the entire journey to arrive at their Figure 6 . Sections distribution for OD pairs destinations at a high probability, primarily to ensure boarding the target bus. They believe in-vehicle travel time has low variation and, thus, they budget only small proportion for it. In other words, the extra time budgeted for bus waiting beyond mean waiting time contributes to more than 80 percent of the extra time budgeted for the entire journey, while only 20 percent of it is budgeted for in-vehicle travel time.
Passengers possibly rarely consider travel distance when deciding the extra time budgeted for an entire journey because no special relationship was found between travel distance and RBT. For example, the distance of OD pair2 is the longest in six OD pairs; its RBT Northbound is the highest, but second lowest Southbound. This conclusion needs to be further confirmed in future studies. To some extent, it can be implied from the conclusion that only 20 percent of the extra time budgeted for the entire journey is budgeted for in-vehicle travel time.
Conclusions
The service reliability of BRT was analyzed taking Changzhou BRT as an example, including value ranges of measures, temporal and spatial distributions, and comparisons. This framework can be applied to other BRT systems. Findings on the service reliability of Changzhou BRT are summarized below, and for each improvement, measures for the Changzhou transit agency are suggested.
Mean headway and mean waiting times for the Changzhou BRT are low, at 3.12-3.96 minutes and 2.17-2.82 minutes, respectively. Transit passengers often budget extra time for bus waiting and for the entire journey beyond typical waiting and journey times to ensure arrival at their destinations on time at a high probability. Passengers of Changzhou BRT need to budget an extra 3-5 minutes for their journey. The extra time budgeted for bus waiting contributes to more than 80 percent of the extra time budgeted for the entire journey, while only 20 percent is budgeted for in-vehicle travel time. Measures to reduce potential waiting time should be taken by the Changzhou transit agency, such as enhancing stop accessibility and educating passengers to board in an orderly manner. Headways of BRT are not as regular as expected; headway irregularity is between 0.34-0.79.
Service reliability of BRT varies from the Early to Evening periods. From the perspective of operators (i.e., headway irregularity), service reliability is the worst during the AM and PM peaks. However, from the perspective of passengers based on PWT and RBT, service reliability is the worst during the Early period followed by the AM Peak. Sometimes service reliability is different from the operator and pas-senger perspectives, so transit agencies should use multi-perspective measures to comprehensively evaluate service reliability. Specifically for the AM and PM peaks, headway irregularity is the highest and mean waiting time is the lowest, which are related to high service frequencies during these two periods. The Changzhou transit agency should implement some special traffic control treatments during peak hours, such as police guidance of traffic.
The spatial distribution of service reliability was analyzed by direction and section. For the direction dimension, service reliability is better To Downtown than it is From Downtown from both the operator and passenger perspectives. The Changzhou transit agency can improve service reliability through increasing service frequency From Downtown. For the section dimensions, service reliability from the operator and passenger perspectives is the same and is the best near the route's origin terminal, gradually deteriorating along the route, then improving when approaching the route's end. This can be partly attributed to no schedule control for each stop in China's bus service. The Changzhou transit agency should establish a schedule for each stop to improve en-route service reliability. Other improvement measures, such as using transit signal priority technology, dividing long routes into sub-routes, avoiding departure delays, and balancing passenger at bus doors, also can improve en-route service reliability.
